ABSTRACT The partition coefficient Kp was measured for a headgroup-labeled phospholipid (12:0,12:0)-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-PE (12-NBD-PE), equilibrated between LUV of a series of phosphatidylcholines (PC). Fluorescence resonance energy transfer between the 12-NBD-PE and a headgroup-rhodamine-labeled PE was used to find the equilibrium concentration of the 12-NBD-PE in the different LUV. Reliable equilibrium concentrations were obtained by monitoring the approach to equilibrium starting from a concentration below and from a concentration above the ultimate values. Using 
INTRODUCTION
Because phospholipids are key components of cells, it is important to find relationships between structure and behavior. Thermodynamic approaches are promising, since equilibrium thermodynamic properties, such as the chemical potential, have predictive power. A measurable parameter of thermodynamic significance is a phase transition temperature, Tt. A wealth of phase information now exists for (usually) binary mixtures of lipids as a function of temperature and lipid composition (Caffrey et al., 1996; Tenchov, 1985) . A great majority of these studies make use of moreor-less readily detectable phase transitions such as L P L. or HII. By use of models such as the Bragg-Williams approximation, a fit of calculated liquidus (and solidus) boundaries to the experimental boundaries could enable correlation of lipid structure to microscopic interaction energies. This approach has yielded both promising molecular models (Lin et al., 1996) and also evidence of limitation to small differences between the lipids (Nibu et al., 1995) . This use of phase transition modeling also restricts observations to particular categories of lipids. It could be the case that some key correlations of lipid structure with behavior require direct examination of lipid behavior within the L.
phase commonly found in real biomembranes.
One general way to examine lipid behavior in the fluid L, phase is to measure the rate of transfer of a labeled lipid between different types of lipid vesicles (Roseman and Thompson, 1980; Nichols and Pagano, 1981) . Studies of this type have been especially useful for examining the correlation of lipid desorption rate with lipid structure and vesicle properties (Pownall et al., 1991; Wimley and Thompson, 1991; Shin et al., 1991; Silvius and Leventis, 1993; Shahinian and Silvius, 1995) . Equilibrium partitioning of a labeled lipid between bilayer vesicles has also been measured (Nichols and Pagano, 1982; Shin et al., 1991; Shahinian and Silvius, 1995) . An especially convenient model system was developed by Nichols and Pagano (1981; 1982) based on fluorescence energy transfer between an NBD (N-[7-nitrobenz-2-oxa-1, 3-diazol-4-yl])-labeled phospholipid and a rhodamine-labeled lipid.
In this study a fluorescence energy transfer method is used to show that in a favorable system the acyl chain contribution to a phospholipid's activity coefficient at infinite dilution can be determined for (snl,sn2) = (12:0,12:0) acyl chains in a series of L, phase phosphatidylcholines (PC) of varying acyl chain properties. The partition coefficient, Kp, of a headgroup NBD-labeled phospholipid is measured after its equilibration between two different types of L,, phase vesicles, each composed of an essentially pure PC. The observed Kp values vary with acyl chain length and unsaturation. In addition to the particular pattern of Kp behavior observed, the relatively direct method described here might be useful for developing and testing other less direct but more widely applicable ways to understand phospholipid mixing.
MATERIALS AND METHODS
Phospholipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) with the exception of the fluorescent headgroup-labeled probe (12: 0,12:0)-NBD-N-PE (12-NBD-PE), which we synthesized. Phospholipids were tested for purity from time to time by loading 100 ,ug (or 12-NBD-PE was synthesized following the procedure of Gruber and Schindler (1994), except that reaction was allowed to proceed 3-5 h, and purification was effected by fractionation on a column of Bio Sil A silicic acid (Bio-Rad Laboratories, Richmond, CA) followed by TLC on Adsorbosil-5 soft-layer plates, eluting with chloroform/methanol = 2:1. A chloroform solution of the purified lipid was filtered through a 0.22 p.m Teflon filter (Micron Separations, Inc., Westboro, MA), then stored at -80°C. This 12-NBD-PE had an extinction coefficient in methanol of E465 = 2.2 X 104 cm-1 M-' and an rf value identical to that of commercial (14:0,14:
The buffer for most samples was 5 mM Pipes/200 mM KCl at pH 7.00. The buffer was filtered through a 0.1 p.m filter (Millipore Corp., Marlborough, MA) to remove dust. For some centrifugation experiments, KCl was replaced by CsCl.
LUV were prepared by extrusion (Lipex Biomembranes Inc., Vancouver, B.C.) lOX through a stack of polycarbonate filters consisting of two 0.1 p.m filters preceded by one each of 0.4 ,um, 1.0 p.m, 3.0 p.m, and 10 pum filters. This filter stack effectively removed dust, and enabled many extrusions without replacing the filters.
The multilamellar vesicle samples applied to the extruder were prepared by one of the following protocols, which differ in how solvent is removed.
Dry films
Chloroform solutions of lipids were measured out by use of a Hamilton syringe with Teflon-tipped plunger. After vortex mixing, solvent was removed in a stream of N2 gas followed by vacuum pumping for a half day at 5-20 mTorr. Buffer was added to the dry films, and samples vortexed vigorously.
Lyophilization A Samples were prepared before hydration as above, except that 100 p.l cyclohexane was added to the dry films. The lipid solution in cyclohexane was then sprayed into the bottom of a 12 mm x 100 mm glass tube cooled in a bath of liquid N2. Frozen samples were placed in a vacuum desiccator that rested on dry ice, with vacuum pumping at this temperature for a half day, followed by water ice temperature for a half day, and finally room temperature for a half day. Samples were then hydrated in buffer.
Lyophilization B
Samples were prepared as in protocol 2, except that chloroform was used for lyophilization. During vacuum pumping, the vacuum desiccator containing the samples rested on dry ice for 1-2 days, followed by water ice for a half day, and finally room temperature for a half day. Samples were then hydrated in buffer.
Rapid solvent exchange
Samples were prepared as in protocol 2, except that dichloromethane was added to the dry films. The dichloromethane solution of lipids was then sprayed from a small orifice through a vacuum against the rapidly vortexing hydration buffer in a Teflon centrifuge tube. This procedure, which we term RSE, forms an MLV suspension in buffer directly from a lipid solution in organic solvent without an intervening dry lipid state. Details of this method will be described in a manuscript in preparation.
After extrusion, aliquots of the aqueous LUV suspension, taken in quadruplicate, were assayed for phosphate concentration (Kingsley and Feigenson, 1979) . Then, unless vesicle concentration was under study, experimental samples were prepared at 0.500 mM for each type of lipid. Still at room temperature, fluorescence of each freshly prepared sample was then measured, including background samples. The spectrofluorimeter was Hitachi Model 3010 (Hitachi Instruments, Inc., Danbury, CT) interfaced to a MacIntosh computer. Slits were 10 nm for excitation and emission. Exciting light at 470 nm passed through a 470 nm interference filter (Corion Corp., Holliston, MA). Emitted light passed through a 480 nm long-pass filter (Fuji Photo Film Co., Tokyo, Japan). A water Raman peak was collected at the start of each series of time point measurements in order to monitor any instrumental changes over the 4-day period of most experiments. After an aliquot was taken to determine fluorescence at zero time, the sample tubes containing 0.500 mM of each of two types of LUV were sealed under argon and placed in a heating block in the dark at 400C.
Experiments requiring separation of LUVs used a Beckman TL-100 centrifuge with the 100.3 rotor (Beckman Instruments, Inc., Palo Alto, CA). Polycarbonate tubes containing 2 ml spun at 90K rpm provided an average force of -350,000 X g, sufficient for LUV separation in <0.5 h. In order to effect separation of the LUV, samples were prepared in either 5 mM Pipes/200 mM KCl, or else in 5 mM Pipes/200 mM CsCl, yielding aqueous densities of -1.008 and 1.025, respectively (Freier, 1978) . A mid-density separation buffer was prepared as an equal volume mixture of the two buffers, so that ultracentrifugation should cause one type of LUV to rise toward the air/water interface, while the other type of LUV should pellet at the bottom of the tube. A 300-400 p.l sample of the LUV mixture was mixed with 2 ml of the mid-density separation buffer. After centrifugation, samples were aspirated from the top, middle, and bottom of each tube, and quantitated by weighing. An aliquot from these samples was taken for phosphate assay, and another aliquot for F535 assay. Total lipid recovery was 80-90%, with unrecovered lipid in a faint streak visible on the tube wall.
RESULTS

Experimental design
The experimental goal was to measure the concentration of 12-NBD-PE in each of two types of PC vesicles between which the 12-NBD-PE had equilibrated. The experimental strategy was to monitor the approach to these equilibrium concentrations starting from both above and below the equilibrium concentration. LUV of (16:0,18 The LUV of these eight PCs under study contained 16-R-PE as a quencher of NBD fluorescence. Fig. 1 shows the quenching of 12-NBD-PE fluorescence as a function of 16-R-PE mol fraction in LUV of (16:0,18: 1A9)-PC. In other PCs, the initial quenching varies, but the curve shapes at higher 16-R-PE mol fractions are similar. The precise amount of residual 12-NBD-PE fluorescence in the quenching environment was determined from a zero-time fluorescence measurement with all added 12-NBD-PE located in the quenching LUVs. For most of the experiments shown, 16-R-PE was fixed at mol fraction 0.015, giving -90% quenching. In a successful experiment, when populations of LUV were mixed only the 12-NBD-PE equilibrated between the different LUV. Experiments did not yield useful data either when the PC transferred between LUV (as happened with (14:1A9,14:1/A9)-PC) or when the temperature was greater than 45°C, which allowed transfer of 16-R-PE on a time scale of hours. In preliminary experiments (data not shown), equilibration of 12-NBD-PE was found to be too slow below 40°C, so this temperature was selected for all experiments shown.
12-NBD-PE equilibration and Kp calculation Fig. 2 shows the approach to equilibrium of 12-NBD-PE transfer between LUV populations. In these paired experiments, the 12-NBD-PE started at time 0 either in LUV of (16:0,18:1A9)-PC, or else in LUV of a PC containing the fluorescence quencher 16-R-PE. As the 12-NBD-PE concentrations equilibrate in the two types of LUV, the fluorescence at 535 nm approaches a nearly constant value. (and adsorption) rates depend on rate constants multiplied by LUV area (Nichols and Pagano, 1982) . If rates of desorption (or adsorption) were to creep into the "equilibrium" values, then these values should change as the relative amounts of the LUV populations are varied. Sample preparation and reproducibility
In order to detect if preparation artifacts influence the results of the studies reported here, samples were prepared by 1) removal of the chloroform solvent in a stream of N2 gas followed by vacuum; 2) lyophilization from cyclohexane; 3) lyophilization from chloroform; and 4) rapid solvent exchange from a lipid solution in dichloromethane to an aqueous MLV suspension. Fig. 3 Headgroup interactions A key simplifying assumption is that the free energy of transfer of 12-NBD-PE between LUV of different PC types includes separable contributions from the headgroup and from the acyl chains. This assumption has experimental support for desorption free energy (Silvius and Leventis, 1993; Pownall et al., 1991) . As far as headgroup/headgroup interactions are concerned, transfer between LUV populations takes the NBD-phosphoethanolamine between two structurally identical environments. If the headgroup orientations in the PCs studied are the same, then perhaps the only other important consideration is the headgroup area (or volume). If the headgroup area (or volume) is sufficiently different for these PCs and is a strong factor in these headgroup interactions, then we would mistakenly assign all effects to the acyl chains. The limited variety of commercially available phospholipids other than PCs makes difficult the systematic study of any such coupling between headgroup and acyl chains. Fig. 3 for LUV of PCs but do not rule out a small coupling of acyl and headgroup energies. If headgroup-headgroup interactions were both significant and also dependent on the nature of the acyl chains, then we would have expected differences among the LUV of PC, PS, and PG.
The time scale for approach to equilibrium can be compared for PC, PS, and PG, all having either (16:0,18:1A9) or (18:1A9,18:1IA9) acyl chains. Comparing Fig. 2 A with Fig.  4 , A and C, and Fig. 2 E with Fig. 3 , B and D, for both types of acyl chains the rate of approach to equilibrium is PG > PC > PS. These rates are affected by both desorption and by transbilayer flip-flop, and could be a strong function of the NBD moiety. We have not attempted additional analysis.
Interpretation
These arguments that our partition experiment reflects only acyl chain effects imply that we obtain information only about that contribution to thermodynamic activity from the acyl chains. That is, Eq. 7 can be written to show explicitly that Kp has no contribution from the PC headgroup, The acyl chain components of the activity coefficients for the other PCs can be calculated in the same way.
Rather than to keep track of the behavior of (12:0,12:0) acyl chains in terms of a "component of the activity coefficient," we prefer to use the excess free energy of mixing, since the components of the free energy can be simply additive. In a binary mixture of a phospholipid and 12-N-PE, the component of the excess free energy of mixing of the (12:0, 12:0) acyl chains with the phospholipid's (x, y) acyl chains is given by (AG E 1(2 = RT ln _Y(xy The values of these excess free energies at infinite dilution are tabulated in Table 3 . For comparison with the bulk of the experiments that used (16:0,18:1 A9)-PC as the reference LUV, Table 3 includes the set of results calculated from   Table 2, ments. All of these values are smaller in magnitude than RT. The significance of these acyl chain interaction energies between (12:0,12:0) and its surroundings perhaps can be gauged by noting that an excess free energy of -+0.5 RT would be required to induce phase separation at mol fraction 0.50 (Guggenheim, 1952) . In considering the molecular-level origins of the differences in excess free energy of mixing, it is important to notice that the process of transfer of 12-NBD-PE from (x,y)-PC involves formation of new (x, y)-(x, y) acyl contacts, together with loss of (x, y)-(12:0,12:0) acyl contacts.
That is, the observed Kp values reflect both the free energy of (x, y)-(x, y) contacts and the free energy of (x, y)-(12:0, 12:0) contacts. The experiments reported here do not enable resolving these two different contributions. However, making use of the gel-fluid transition temperature of the PC as a simple indicator of the energy of the acyl chain interactions in the pure lipid, together with the excess free energies of mixing reported in (Marsh, 1990) . Thus, disruption of favorable interactions among (18: 1A6,18: 1A6) acyl chains could be a significant factor to explain the decreased partition of 12-N-PE, but we have no independent observations to confirm this explanation. A different but also plausible explanation is that the packing energy of (12:0,12:0) acyl chains against A6 is unfavorThe estimated effor of these free energies is ±0.05 U/mol (±0.02 RT).
able compared with A9, without a compensating gain in entropy.
3. Since (AGEiX) y) = -0.85 k/mol in (22:1A13, 22: 1A13) , it is apparent that the packing of the 12-carbon saturated acyl region is not greatly disrupted by the presence of (12:0,12:0) chains, which have lowest free energy in this host than in the others studied. With a gel-fluid transition temperature of + 13°C (Marsh, 1990) , (22: 1A13, 22: 1A13)-PC must have relatively favorable interactions among its acyl chains, hence interaction of (12:0,12:0) with these chains must be particularly favorable.
4. Since (AGEX) 2y) = -0.58 U/mol in (20:1A1, 20:IA1), the transfer free energy is indistinguishable from that in (16:0,18:11A9). These PCs have virtually identical gel-fluid transition temperatures of about -4°C (Marsh, 1990) In order to test this model of (14:1A9,14:11A9)-PC transfer, LUV of (16:0,18:1A9)-PC containing 0.015 mol fraction 16-R-PE were prepared and incubated with LUV composed solely of (14:1A9,14:11A9)-PC. The results of this experiment are shown in Table Al. The F593 increased acyl chains is unfavorable, we cannot conclude this from the data.
We were surprised that (14:1A9,14:1/A9)-PC transfers so rapidly between vesicles. This observation implies a high rate of desorption in the pure lipid. We have not determined whether the desorption rate is also high for (14:1A9,14:1IA9)-PC that is a dilute component in a bilayer matrix of another lipid. We note that (12: LAI1,12:1AI1)-PC, which does form bilayer vesicles (Caffrey and Feigenson, 1981) seems to transfer extremely rapidly, quickly lowering aqueous surface tension (Buboltz, unpublished experiments).
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